Abstract: The dynamic characteristics of plane lift gate are analyzed based on the model of added mass arising from flow field which is induced by gate vibration in static water. The effect of added mass caused by fluid-solid coupling on gate natural frequency is considered. The natural frequency characteristics of plane gate with or without water and at different opening, different water head is investigated. The numerical simulating results show that effect of added water mass on the gate dynamic characteristics is greatly and leads to significantly lower natural frequency than the gate without water. The larger the gate opening is, the higher the natural frequency of gate vibration is. When the upstream or downstream head of gate is increased, the natural frequency will decrease.
Introduction
Vibration problems of plane lift gate often arise during its opening and closing process or in partial, and even in fully closed state. When the vibration reaches a certain extent, it will cause damage to the gate and the surrounding hydraulic buildings. Although external reasons of gate vibration are different, but the internal causes lie in its natural vibration characteristics For the gate in the fluid-structure interaction system, the effect of water should be considered in analyzing gate dynamic characteristics. Using finite element method, Literature [1] established the discrete models of fluid and structure domains respectively, introduced coupling conditions in the corresponding nodes located the fluid-solid interface, and implemented accurately transfer of water pressure load on the fluid-solid interface. The simulating method based on fluid-structure theory has some problems such as too large amount of calculations, numerical implementation difficulties and difficult to determine the scope of the fluid domain. When the structure amplitude is smaller, the impact of structural vibration on fluid domain is also smaller and the fluid-structure coupling effect can be simplified into considering the added mass of coupling system. it has more engineering significance to introduce the added mass model to reflect the impact of water on self-excited vibration of structure [2] .
The added mass model established by literature [3] is applied to analyze the dynamic characteristics of a plane lift gate in present work. The change trends of gate natural frequency obtained under different working conditions can provide a reference for design and safe operation of the lift gate.
Numerical models
For a fluid-structure interaction system, when the structure amplitude is smaller, the impact of structural vibration on fluid domain is also smaller and the fluid-structure coupling effect can be simplified into using the added mass, added damping and added stiffness to describe. Considering fluid effects, the control equation of structural vibration can be written as [4, 5] [ If the influence of fluid field on structure stiffness ignored, then [K a ] =0. At the same time, the less influence of ideal fluid on damping force can be ignored. The discrete structure dynamic control equation (1) 
According to potential flow theory and singularity distribution method [6] , Literature [3] deduced the expression (3) 
Where
, m the number of element divided on the fluid-structure interface. n is the normal direction of element j, ρ the fluid density. The main steps of gate dynamic characteristics analysis based on the added mass model are as follows.
(1) Determine the added mass.
(2) Extract the element nodes on fluid-structure coupling interface. (3) Determine added mass size of r-order vibration mode for each node and define the mass element. (4) Calculate the r-order natural dynamic characteristics of gate and extract the results. If the required number of modes met, the calculation is terminated. Otherwise, redefine the added mass of (r+1)-order vibration mode, turn to (3).
Literature [3] analyzed the validity and accuracy based on the added mass expression (3) to calculate the dynamic characteristics of plane gate.
The fig. 1 . The x-, y-and z-axes are respectively set as along gate span, gate height and the water flow directions.
Results and discussion
According to the actual operating conditions of gate, the upstream and downstream heads of gate are set as 80m and 30m respectively. Firstly, the dynamic characteristics of four working conditions The first ten order natural frequencies of the gate under different working conditions are shown in table 1. It can be seen from the data in table 1 that water is of great influence on the natural frequency of the gate and leads to significantly lower natural frequencies than those in the air. No matter whether to consider the lateral restraint of gate. Among the 1st to 10th order natural frequencies, the reduction of the first order frequency is the largest. For the conditions WC1 and WC2 of gate without lateral restraint, the first order natural frequency of gate in water is only 35.85% of that in the air. For the conditions WC3 and WC4 of gate subjected to lateral restraint, the first order natural frequency of gate in water is only 31.09% of that in the air. Average value of the first ten order natural frequencies of the gate in the air is about twice those in water. These illustrate the fluid-structure interact significantly affects the vibration characteristics of the gate, and the added water mass can't be ignored
Comparing the results of the conditions WC1 and WC3 of gate without water, it can be seen that the lateral restraint has only a small effect on the natural frequency. Although the relative difference of the first order natural frequency is up to 15.66%, but all relative difference from the second to tenth orders is only about 1%. Comparing the results of the conditions WC2 and WC4 of gate with water, it can be seen that the lateral restraint has a smaller effect on the natural frequency and the relative difference of each order natural frequency is less than 1%. The main reason of the effect of lateral restraint on vibration frequency so small lies in that the gate vibration is mainly along the water flow direction, namely the z-direction, while lateral restraint is exerted along the x-direction.
When the gate in water is partially opened, Fig. 2 shows the results of the first ten order natural frequencies under different gate opening. It can be seen that the general trend of each order natural frequency of the gate is increased with the gate opening increasing. The main reason is that the larger the gate opening, the smaller the gate-water coupling area and added water mass effect, the higher the natural frequency of gate vibration.
When the upstream head is 80m and the downstream heads are respectively set as 15m, 20m, 25m, and 30m, the first ten order natural frequencies of the gate in the fully closed state are shown in Fig. 3 . When downstream head is 30m and the upstream heads are respectively set as 50m, 60m, 70m, and 80m, the first ten order natural frequencies of the gate in the fully closed state are shown in Fig. 4 . It can be seen that both the upstream and downstream heads increase, the natural frequencies of the gate will be decreased. The fundamental cause is also that the higher the water head, the greater the added water mass effect, the lower the natural frequency of gate vibration.
Conclusions
Unlike the wing-induced vibration of structure, added mass is an important physical variable for water-structure coupling vibration problem and significantly affects the vibration characteristics of the structure. The natural frequency of the gate vibration in water is significantly lower than that in the air, wherein the reduction of the first order natural frequency is the largest. Because of the gate vibration mainly along the water flow direction, the effect of lateral restraint on the natural frequencies is small. With the decreasing of the gate opening and the increasing of water head, the natural frequency of gate vibration is decreased, which shows that the larger water-gate coupling area is, the greater added water mass effect is, and the lower the natural frequency of gate vibration is.
